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The development of the vertebrate inner ear is a complex process that has been investigated in several model organisms. In this work, we
examined genetic interactions regulating early development of otic structures in medaka. We demonstrate that misexpression of Fgf8, Dlx3b and
Foxi1 during early gastrulation is sufficient to produce ectopic otic vesicles. Combined misexpression strongly increases the appearance of this
phenotype. By using a heat-inducible promoter we were furthermore able to separate the regulatory interactions among Fgf8, Foxi1, Dlx3b, Pax8
and Pax2 genes, which are active during different stages of early otic development. In the preplacodal stage we suggest a central position of Foxi1
within a regulatory network of early patterning genes including Dlx3b and Pax8. Different pathways are active after the placodal stage with Dlx3b
playing a central role. There Dlx3b regulates members of the Pax–Six–Eya–Dach network and also strongly affects the early dorsoventral marker
genes Otx1 and Gbx2.
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The vertebrate inner ear develops from the otic placode, an
ectodermal thickening that appears early in development and
invaginates to form the otic vesicle (reviewed in Baker and
Bronner-Fraser, 2001; Noramly and Grainger, 2002; Torres and
Giraldez, 1998). Several studies have implicated hindbrain
tissue adjacent to presumptive otic ectoderm and the subjacent
mesoderm as the primary sources of ear-inducing signals
(Chisaka et al., 1992; Jacobson, 1966; Mendonsa and Riley,
1999; Moens et al., 1998; Waddington, 1937; Woo and Fraser,
1998). In zebrafish, grafting hindbrain tissue to the ventral side
of the embryo induces ectopic otic vesicles (Woo and Fraser,
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doi:10.1016/j.ydbio.2007.04.022are members of the Fibroblast growth factor (Fgf) family of
peptide ligands (De Moerlooze et al., 2000; Léger and Brand,
2002; Lombardo et al., 1998; Lombardo and Slack, 1998;
Maroon et al., 2002; Ohuchi et al., 2000; Phillips et al., 2001;
Pirvola et al., 2000, 2002; Van de Water and Represa, 1991;
Vendrell et al., 2000). Another signallingmolecule released from
the hindbrain isWnt8. In chick, exogenousWnt8c is sufficient to
induce a subset of otic markers in explant cultures, while
combined activation of Wnt8c with Fgf19 strongly induces the
full range of otic markers and placode-like structures in tissue
culture (Ladher et al., 2000). In zebrafish, in vivo analysis
reveals that Wnt8a is indirectly involved in otic induction by
virtue of its requirement for timely hindbrain expression of Fgf
genes (Phillips et al., 2004).
The presence of homologous genes during vertebrate otic
development indicates a conservation of their function. The
Paired box (Pax), Eyes absent (Eya), Sine oculis (Six) and
Dachshund (Dach) families consistently mark early ear
development (reviewed in Noramly and Grainger, 2002).
Pax2/5/8 genes are involved in specification and patterning of
Fig. 1. Misexpression of Fgf8, Foxi1 and Dlx3b, but not Pax8 is sufficient to
induce ectopic otic vesicles. (A) Single misexpression of Dlx3b, Foxi1, Fgf8
but not Pax8 leads to ectopic otic vesicles. (B) Combined misexpression of
Dlx3b, Foxi1 and Fgf8 produces synergistic effects. Heat shock treatment for
(A) was performed at early to mid gastrula stage for 2 h at 39 °C. The
developmental stage of the embryos used for the 2-h heat shock treatment in
panel B is indicated. The numbers below each bar indicate the concentration (ng/
μl) of the injected DNA and the number of the embryos examined (n). The
coloured regions of the bars indicate the numbers of ectopic otic vesicles (ov)
observed per embryo.
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et al., 2004; Mackereth et al., 2005; Torres et al., 1996).
Mutations in the Eya1 and Eya4 genes lead to inner ear
abnormalities in mice and humans (Abdelhak et al., 1997),
which are comparable to zebrafish Eya1 mutants (Kozlowski
et al., 2005). Six1 is required for the development of the inner
ear (Ozaki et al., 2004; Zheng et al., 2003). Eya and Six
together with the Dach protein directly interact to form a
functional transcription factor. In this complex, the DNA
binding function is provided by the Six protein, Eya mediates
transcriptional activation and Dach proteins appear to function
as cofactors (Lopez-Rios et al., 2003). Regulatory interactions
among Pax, Six, Eya and Dach genes have been demonstrated
for Drosophila and vertebrate eye development (reviewed in
Wawersik and Maas, 2000). A regulatory network of these
proteins is thought to be active also during ear development
(reviewed in Whitfield et al., 2002).
Six1 and Eya1 are not only expressed in otic placodes, but
initially mark the whole preplacodal region (PPR; Litsiou et al.,
2005; Schlosser, 2006). In this ectodermal region flanking the
anterior neural plate, members of the distal less (Dlx) family of
transcription factors also are expressed and later become
upregulated in otic tissue (reviewed in Baker and Bronner-
Fraser, 2001). In avian and mammalian embryos Dlx5/6 are
active in otic development (Brown et al., 2005; Merlo et al.,
2002; Pera and Kessel, 1999; Robledo and Lufkin, 2006), and
in zebrafish a specific role for Dlx3b/4b genes in otic induction
has been shown (Solomon and Fritz, 2002; Solomon et al.,
2004). Another ectodermal marker important for ear develop-
ment is the forkhead domain containing transcription factor
Foxi1. This gene is critical for zebrafish otic induction
(Solomon et al., 2003), while it is not essential for this process
in mice (Hulander et al., 2003). A recent model for otic placode
formation in zebrafish (Solomon et al., 2004) proposes that
Foxi1 andDlx3b/4b function in sequential pathways, modulated
by Fgf signalling from the hindbrain. It is, however, unclear
whether Dlx3b/4b or Foxi1 have the potential to independently
provide competence to form an otic placode.
In the present study, we show that Dlx3b and Foxi1, but not
Pax8 or Pax2 are sufficient to induce ectopic otic vesicles.
Combined misexpression of Dlx3b, Foxi1 and Fgf8 generated
synergistic effects on the frequency of the ectopic otic
structures. Furthermore, we investigated the genetic relation-
ships among Fgf8, Dlx3b, Pax8/2 and Foxi1 in the process of
otic formation in medaka. To distinguish between potential
early and late functions of genes during otic development, we
used a heat-inducible system for our analysis (Bajoghli et al.,
2004). On the basis of these results, we propose a model for
medaka otic vesicle development, which differs from zebrafish
models, particularly in its timing. In addition we propose novel
genetic interactions for later stages of inner ear development.
Materials and methods
Fish strain and maintenance
Embryos of the medaka Cab inbred strain were used for all experiments.
Stages were determined according to Iwamatsu (Iwamatsu, 2004).Construct design
Zebrafish Fgf8, Foxi1, Pax2a, Dlx3b and mouse Pax8 cDNAs were used in
this work. To generate PD–VP16 and PD–enRD fusion constructs, zebrafish
Pax2a cDNA covering amino acids 1–150 (paired domain, PD) was combined
either with the transactivation domain of the viral VP16 protein or the repression
domain (enRD) of Drosophila engrailed (Maria Fink, unpublished data). The
cDNAs were inserted into the HSE expression construct (Bajoghli et al.,
2004).
Microinjection and heat shock treatment
Medaka embryos were microinjected into single blastomeres at the one- to
two-cell stage. DNA was co-injected with the I–SceI meganuclease enzyme as
described (Thermes et al., 2002). After injection the embryos were incubated at
28 °C. Embryos lacking background Gfp activity were selected prior to heat
shock treatment. For all experiments heat treatment was performed for 2 h at
39 °C. pCS2 expression constructs containing zebrafish Foxi1 or Dlx3b cDNAs
were used at 100 ng/μl.
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Gfp expression of the HSE injected embryos was observed under the
fluorescence microscope 4 h after heat treatment. Only embryos with strong and
moderate Gfp expression were fixed overnight in 4% paraformaldehyde/2xPTW
(PBS/Tween). Whole-mount in situ hybridization was performed at 65 °C as
described previously using DIG-labeled probes (Aghaallaei et al., 2005;
Bajoghli et al., 2007). Pax2, Eya1, Six1 (Koster et al., 2000), Dachshund
(Dach; Lopez-Rios et al., 2003), Otx1 (Felix Loosli, unpublished data), Gbx2
(Heimbucher et al., 2007), Foxi1, Dlx3b, Bmp4 (Hochmann et al., 2007), Wnt4
(Yokoi et al., 2003) and Pax8 (MEPD; accession number AJ457242) probes
have been described previously.Results
Misexpression of Fgf8, Foxi1, Dlx3b but not Pax8 induces
ectopic otic vesicles
Knock down experiments and the analysis of mutants in
zebrafish revealed both inducing signals (e.g. Fgf8 and Fgf3)
and competence factors (e.g. Foxi1 and Dlx3b) during otic
induction. Whereas these experiments demonstrated the
essential nature of the genes, attempts to prove whether they
would also be sufficient for otic induction so far have been
less successful (Solomon and Fritz, 2002). We tested
misexpression of Foxi1 and Dlx3b in medaka embryos using
a CMV promoter construct. Misexpression beginning at mid-
blastula transition resulted in high embryonic lethality, but no
ectopic otic vesicles were observed in the surviving embryos
(see Supplementary Table S1). In contrast, misexpression
experiments under control of a heat shock vector showed a
reduced death rate and resulted in the formation of ectopic otic
vesicles for both genes. For further analysis, we therefore
switched to the heat shock system. Injected embryos were heatFig. 2. Examples of ectopic otic vesicles. Examples of ectopic otic vesicles are shown
otolith, respectively. The first two pictures show dorsal views, the last one a lateral vi
type expression is shown for Starmaker (Stm; B). The ectopic otic vesicle in pane
endogenous otic vesicle. Scale bar: 100 μm for B and C.treated during early to mid gastrulation for 2 h at 39 °C. As a
control we activated a luciferase expressing HSE vector
(10 ng/μl), which did not induce any ectopic otic structures
(n=349). Only embryos showing a Gfp signal (coexpressed
from the HSE promoter), but lacking severe malformations
were considered for our statistics. Each construct was injected
at two different concentrations. Individual misexpression of
either Fgf8, Foxi1 or Dlx3b resulted in similar frequencies of
ectopic otic vesicles. Low concentrations induced single-
ectopic ear structures in up to 3% of the embryos, whereas
high concentrations strongly increased the frequency (Fig.
1A). Furthermore, under these conditions, we observed up to
three additional vesicles in the embryos (Fig. 2A, arrows).
Some of the ectopic otic vesicles contained otoliths (Fig. 2A,
red arrows). Based on the appearance of the otoliths, the
differentiation of these vesicles was delayed compared to the
endogenous ear structures. In addition to the otoliths we did
not detect further inner ear structures, indicating that the
vesicles in the ectopic positions lack critical signals needed for
further differentiation. We analysed embryos by in situ
hybridization and consistently found expression of the otic
marker genes Pax2 (data not shown) or Starmaker in the
ectopic vesicles (Fig. 2C). At a low frequency, the endogenous
otic vesicles were split, which was not counted as an ectopic
structure (data not shown). All ectopic vesicles were
positioned either dorsally or laterally to the hindbrain (e.g. in
Fig. 2A).
Transcription factors of the Pax2/5/8 family recognize their
targets via the DNA binding function of the paired domain (PD;
Chalepakis et al., 1991; Czerny et al., 1993) and perform
exchangeable functions (Bouchard et al., 2002; Mackereth et
al., 2005; Mansouri et al., 1998). Both Pax8 and Pax2 are
expressed during early otic development (Hochmann et al.,in panel A. Black and red arrows indicate the ectopic otic vesicles with or without
ew of 4-day-old embryos. (B and C) Dorsal views of embryos at stage 23. Wild-
l C is indicated by an arrow. Abbreviations: a, anterior; d, dorsal; ey, eye; ov,
Fig. 3. Effects of Pax2/5/8 proteins on Dachshund expression. (A) Schematic
map of the domain structure of the Pax2/5/8 proteins, which contain a highly
conserved DNA-binding domain (paired domain). An artificially activated
version (PD–VP16) contains the paired domain and the viral transactivation
domain VP16. The transcriptional repressor version (PD–enRD) contains the
paired domain and the repression domain of the Drosophila engrailed protein.
Dorsal views of embryos at 12 somites. Anterior is towards the top. The
expression of Dach was analysed in full-length Pax2 (C), PD–enRD (D) and
PD–VP16 (E) injected embryos. Misexpression of Pax2 and PD–enRD led to
repression of Dach in the otic vesicle (C and D). The expression of Dach in the
otic vesicle was unaffected by misexpression of PD–VP16 (in comparison to
wild-type embryos at the same age), while in other tissues we saw weak ectopic
activation (not shown). For details see Table 2.
Table 1
Misexpression of Fgf8, Foxi1, Dlx3b, Pax2, Pax8 and PD–VP16 during otic
placode development
Construct (ng/μl) Target
gene
Time of heat
shock
Ectopic expression
(%)
n
HSE:Fgf8 (10) Dlx3b PP a 0 51
Dlx3b OPb 0 21
Foxi1 PP 36 39
Pax8 PP 0 62
OP 27 22
Pax2 OP 0 18
HSE:Foxi1 (10) Dlx3b PP 17 57
Pax8 PP 39 54
Eya1 PP 30 34
HSE:Dlx3b (15) Dlx3b PP 40 42
Foxi1 PP 17 23
Pax8 PP 0 24
OP 0 28
Eya1 PP 37 19
OP 16 25
Six1 OP 21 c 53
HSE:PD–VP16 (20) Dlx3b PP 0 35
OP 0 21
Foxi1 PP 76c 29
Eya1 OP 0 38
Six1 OP 0 20
HSE:Pax8 (10) Foxi1 PP 30 67
HSE:Pax2 (20) Foxi1 PP 36 23
Six1 OP 0 10
n, number of embryos.
a Injected embryos were heat treated during late gastrula/early neurula stage
and four hours later fixed in the preplacodal (PP) stage.
b Injected embryos were heat treated during 1- to 3-somite stage. At 4 h later,
Gfp-positive embryos were fixed at the otic placode (OP) stage.
c Ectopic expression was observed in the whole embryo.
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gene family have the potential to induce ectopic otic vesicles,
we misexpressed full-length Pax8 at two different concentra-
tions. We observed 1% ectopic otic vesicles for both
concentrations (Fig. 1A). To confirm this result, we mis-
expressed the closely related Pax2 gene. At 40 ng/μl we again
observed 1% of the embryos with ectopic otic vesicles (n=199;
data not shown). In addition, we generated an activated version
of Pax2/5/8 by fusing the paired domain with the VP16
transactivation domain (PD–VP16; Fig. 3A). Misexpressing
embryos exhibited similar phenotypes compared to full-length
Pax8 as well as Pax2 (data not shown), however no ectopic
otic vesicles were observed in these embryos (20 ng/μl;
n=166). Taken together, our gain-of-function experiments
suggest that members of the Pax2/5/8 family do not have theability to induce ectopic otic vesicles although they are critical
for normal otic development in zebrafish (Hans et al., 2004;
Mackereth et al., 2005).
Synergistic effects for combined misexpression of Fgf8, Foxi1
and Dlx3b
In order to test for additive effects, we misexpressed pairwise
combinations of Fgf8, Foxi1 and Dlx3b expression constructs.
We co-injected the heat shock expression vectors at low
concentrations in different combinations (Fig. 1B). Combined
misexpression of Foxi1 and Dlx3b increased the frequency of
ectopic otic vesicles rather in an additive manner compared to
experiments using single components (7% versus 2% and 3%
ectopic otic vesicles, respectively; Figs. 1A, B). However, a
combination of Fgf8 with either Dlx3b or Foxi1 increased this
frequency to 15% and 28%, respectively. Furthermore, we
observed embryos with more than four additional otic vesicles
for these combinations (data not shown). The strongest
synergistic effects were observed when all three genes were
co-injected. Both, the frequency of embryos showing ectopic
otic vesicles (40%) and the number of ectopic otic vesicles per
embryo significantly increased (Fig. 1B). For the experiments
described so far, heat shock induction was performed at early to
mid gastrulation. To narrow down the timing of otic induction,
412 N. Aghaallaei et al. / Developmental Biology 307 (2007) 408–420we performed heat treatment also during late gastrulation and
early neurulation. In both experiments no ectopic otic vesicles
were detected (Fig. 1B). These experiments suggest that during
early to mid gastrulation inducing signals like Fgf8 cooperate
with the competence factors Foxi1 and Dlx3b to induce otic
structures in medaka.
Regulatory interactions between Foxi1, Dlx3b and Pax8
during otic placode specification
Although the induction events can be restricted to early/mid
gastrulation, the first upregulation of otic marker genes is seen
in preplacodal tissue during neurulation. At this time Foxi1,
Dlx3b and Pax8 specifically mark the preotic ectoderm that
later defines the otic placode (Hochmann et al., 2007; Nissen et
al., 2003; Solomon et al., 2003). To understand the molecular
events responsible for otic placode specification, we misex-
pressed these early patterning genes and also Fgf8 and analysed
their effects on potential target genes. Two experimental
strategies were chosen (for schematic presentation, see
Supplementary Fig. S1). For analysing regulatory interactionsFig. 4. Regulatory interactions during preplacodal and otic placode stages. Dorsal v
Anterior is towards the top. Wild-type expression is shown for Dlx3b (A), Pax8
(D, H, J–L) or otic placode stage (B, C, F and G). Regions of ectopic expression in
seen in panels C, D, F, H and L. For details of the experiments, see Table 1. Scaleat the preplacodal stage, injected embryos were induced during
early neurulation by heat shock treatment. At 4 h after heat
shock, misexpressing embryos were fixed at two somites,
before the otic placode is visible. For analysing the otic placode
stage, the injected embryos were induced at three somites and
fixed before the otic vesicle appears at five somites. Data of
these experiments are presented in Table 1.
Expression of Dlx3b was unaffected in Fgf8-misexpressing
embryos during preplacodal and otic placode stages (Table 1;
Fig. 4B), but up-regulated by overexpression of Foxi1 and
Dlx3b itself (Figs. 4C, D). In zebrafish Pax8 has been shown to
act downstream of Foxi1 and Fgf8 (Solomon et al., 2003). We
found the same epistatic relationship in medaka (Figs. 4H, F),
however separated to the preplacodal (Foxi1–Pax8) and the otic
placode stage (Fgf8–Pax8). Dlx3b was not able to induce
ectopic expression of Pax8 (Table 1; Fig. 4G).
During the preplacodal stage ectopic Foxi1 expression was
activated by Fgf8 (Fig. 4J) and Dlx3b (Fig. 4K). To examine the
genetic relationship between Pax8 and Foxi1 we misexpressed
Pax8 and also an activated fusion protein of Pax2/5/8 consisting
of the paired domain and the VP16 transactivation domainiews of embryos at preplacodal (D, I–L) and otic placode stages (A–C, E–H).
(E), and Foxi1 (I). The indicated constructs were induced at the preplacodal
panels J and K are indicated by arrows, multiple spots of ectopic expression are
bar: 60 μm (except 45 μm for D and H).
Table 2
Effect of Dlx3b and Pax8/2 on otic marker genes during otic vesicle
development a
Construct (ng/μl) Target gene Activation (%) Repression (%) n
HSE:Dlx3b (15) Pax2 20 b 0 62
Dach 0 25 52
Eya1 0 24 29
Six1 10 0 60
Otx1 0 37 24
Gbx2 30b 0 66
HSE:PD–VP16 (20) Pax2 45b 0 22
Dach 5 c 0 51
Eya1 0 0 21
Six1 0 0 30
Otx1 0 0 28
HSE:Pax2 (20) Dach 0 25 12
Otx1 0 0 15
Gbx2 0 0 17
HSE:PD–enRD (20) Dach 0 50 20
n, number of embryos.
a Injected embryos were heat treated during 6–7 somites. At 4 h later, Gfp-
positive embryos were fixed.
b Ectopic expression in the whole embryo.
c Ectopic expression next to otic vesicle.
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Foxi1 expression in the whole embryo at a frequency of 30%
(Pax8; Fig. 4L) to 76 % (PD–VP16), indicating that Pax8 is
sufficient to induce Foxi1 expression. Taken together these data
suggest that reciprocal interactions between preotic marker
genes are responsible for otic placode specification.
Regulation of Eya1 and Six1 by Foxi1 and Dlx3b
Pax, Six, Eya and Dach genes are thought to function in the
same regulatory pathway in early otic development (reviewed in
Noramly and Grainger, 2002; Whitfield et al., 2002). Eya1 is
activated during medaka ear development slightly after Pax8
(Hochmann et al., 2007). To search for upstream regulators of
Eya1, we misexpressed the candidate genes Dlx3b and Foxi1
during the preplacodal stage. Neither of these genes was able to
induce broad ectopic expression of Eya1 in the embryo,
however, we observed local upregulation in the vicinity of the
preotic tissue (Table 1; Figs. 5B, D and Supplementary Fig.
S2). To examine the effect of Pax8 we used PD–VP16
misexpression, which did not affect endogenous Eya1 ex-
pression (Fig. 5C).
The function of Six1 is closely connected with that of Eya1
as both gene products physically interact (Buller et al., 2001;
Lopez-Rios et al., 2003). Six1 is expressed in the otic placode of
medaka embryos at the 3- to 4-somite stage and is co-expressed
there with Eya1, Pax8 and Dlx3b genes (Hochmann et al.,
2007). At this stage, Foxi1 is not active in the otic placode any
more. We first analysed the effect of Dlx3b on Six1 during the
otic placode stage. In Dlx3b-misexpressing embryos, we
observed strong activation of Six1 in the whole embryo (Fig.
5F). In contrast, overexpression of PD–VP16 had no effect on
Six1 (Fig. 5G), indicating that Dlx3b but not Pax8 can activate
Six1.Fig. 5. Effects of Dlx3b, Foxi1 and PD–VP16 overexpression on Eya1 and Six1. D
Anterior is towards the top. Wild-type expression is shown for Eya1 (A) and Six1 (E)
stage (F and G). Regions of ectopic expression in panels B and D are indicated by arr
experiments see Table 1. Scale bar: 60 μm (except 50 μm for C and G).Dlx3b shows both activating and repressing effects in otic
vesicles
We further followed the regulation of the members of the
Pax–Six–Eya–Dach network in otic vesicles and examined
the effect of Pax2 and Dlx3b on Pax2, Six1, Eya1 and Dach.
Foxi1 is not active any more in otic vesicles and was therefore
excluded from this analysis. We overexpressed Dlx3b, Pax2
and PD–VP16 at 6–7 somites and fixed the embryos 4 h after
heat treatment (see Supplementary Fig. S1 and Table 2). Dlx3b-
misexpressing embryos exhibited broad ectopic activation oforsal views of embryos at preplacodal (A–D) and otic placode stage (E–G).
. The indicated constructs were induced at the preplacodal (B–D) or otic placode
ows. The spots in panel F represent ectopic expression of Six1. For details of the
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but reduction of Eya1 and Dach expression (Figs. 6G–H, red
arrows). In the case of Pax2 overexpression, we observed
strong ectopic expression of Pax2 itself in the whole embryo
(Fig. 6I), while the expression of Eya1 and Six1 remained
normal (Figs. 6J–K and data not shown). As for Dlx3b, we
observed a reduction of Dach expression in the otic vesicles in
25% of the Pax2-misexpressing embryos (Fig. 6L, red arrow
and Fig. 3C). To determine whether the downregulation of
Dach is mediated by a repressive function of Pax2, we injected
a fusion construct containing the engrailed repressor domain
(PD–enRD; Fig. 3A). The embryos exhibited strong reduction
of Dach in otic vesicles at a frequency of 50% (Table 2; Fig.
3D), thus mimicking the effects of full length Pax2.
The effects of Dlx3b on dorsoventral (DV) patterning of the
otic vesicle
The first DV asymmetry becomes visible in medaka otic
vesicles at 12 somites, when transcripts of Gbx2 and Otx1 are
expressed at the dorsal or ventral side of the vesicle,
respectively (Figs. 7A, C). The majority of other otic marker
genes still keep a uniform expression pattern along this axis,
until they switch to a DV distribution at 30–34 somites. Dlx3bFig. 6. Effects of Dlx3b and Pax2 on Pax–Six–Eya–Dach members. Dorsal view
Wild-type expression is shown for Pax2 (A), Six1 (B) and Eya1 (C) and Dach (D).
I and full-length Pax2 for J–L). Regions of reduced expression are indicated by arr
panel L for comparison). Multiple spots of ectopic expression are seen in panels E
panels A, E, F, H, I and J; 95 μm for panels B, C, G and K; 105 μm for panelsand Pax8 are initially expressed throughout the vesicle, but later
end up in a dorsal domain at 30 somites. Contrary to its
paralogue, Pax2 expression becomes restricted to the ventro-
medial wall (Hochmann et al., 2007). We first analysed the
effect of Pax8/2 and Dlx3b on Otx1 and Gbx2 expression. The
expression of Otx1 and Gbx2 in the otic vesicles was
indistinguishable from wild-type embryos when Pax2 was
misexpressed (Table 2). In contrast, misexpression of Dlx3b
induced ectopic expression of Gbx2 in the whole embryo (Fig.
7B and Supplementary Fig. S3F), while Otx1 expression was
strongly reduced in the whole embryo (Fig. 7D and Supple-
mentary Fig. S3H).
The strong effect of Dlx3b on early DV marker genes
raised the question whether Dlx3b misexpression would
dorsalize the otic vesicle. We examined otic vesicle
morphology in Dlx3b-misexpressing embryos and found the
number of otoliths significantly increased (Table 3; Fig. 7F).
Next we analysed the otic vesicles of these embryos for the
expression of the Bmp4 and Wnt4 genes. At this stage, Bmp4
expression is restricted to cristae localized in the ventral part
of the vesicle (Fig. 7G). Expression of Bmp4 was strongly
reduced in 23% of Dlx3b-misexpressing embryos (n=17; Fig.
6H), indicating either a general dorsalization, or an inter-
ference of Dlx3b misexpression with the formation of cristae.s of embryos at otic vesicle stage (6–7 somites). Anterior is towards the top.
The indicated constructs were induced at the otic vesicle stage (PD–VP16 for
ows in panels G, H and L (the photograph shown in Fig. 3C is shown again in
, F and I. For details of the experiments, see Table 2. Scale bars: 100 μm for
D and L.
Fig. 7. The effect of Dlx3b on DV patterning of the otic vesicle. Lateral views of
otic vesicles at 12 somites (A–D) and 34 somites (E–J). Anterior is towards the
left and dorsal to the top. Wild-type expression is shown for Gbx2 (A), Otx1 (C),
Bmp4 (G) andWnt4 (I).Dlx3bmisexpressing embryos fixed 4 h after heat shock
exhibited strong activation of Gbx2 (B; the otic vesicle is marked by a white
dotted line) or repression of Otx1 (D). The morphology and the expression of
ventrally positioned markers for the otic vesicle (Bmp4 andWnt4) were analysed
2 days after heat treatment (F, H and J). The number of otoliths was increased in
Dlx3b misexpressing embryos (F) in comparison to wild-type (E). The brackets
in panels C, D, I and J indicate the different expression territory in the
misexpressing and the normal embryo. Abbreviations: ac, anterior cristae; lc,
lateral cristae; pc, posterior cristae; D, dorsal; A, anterior. Scale bars: 25 μm for
panels A, B, E–H; 20 μm for panels C, D, I and J.
Table 3
Misexpression of Dlx3b in the early otic vesicle increases the number of otoliths
Number of otoliths in
each vesicle in a embryo
2/1 2/2 1/3 2/3 2/4 n
Wild-type 50 (100%) 50
HSE:Dlx3b a (20 ng/μl) 1 (1%) 60 (76%) 2 (2%) 13 (18%) 3 (3%) 79
a HSE:Dlx3b-injected embryos were heat-induced at 6 somites (2 h/39 °C).
415N. Aghaallaei et al. / Developmental Biology 307 (2007) 408–420In addition, we found ventral expression of Wnt4 more
restricted (n=13; Fig. 7J) compared to wild-type embryos
(Fig. 7I). Reduced expression of Bmp4 and Wnt4 upon Dlx3b
misexpression would argue in favour of a dorsalized
phenotype, however analysis of additional marker genes will
be necessary to answer this question.Discussion
The teleost inner ear has a morphology similar to that
observed in other vertebrates (reviewed in Riley and Phillips,
2003), making teleosts attractive model organisms for investi-
gation of inner ear development. Furthermore a comparison
between two distantly related fish species (zebrafish and
medaka) could help to find common genetic principles of otic
development in teleost fish (reviewed in Furutani-Seiki and
Wittbrodt, 2004). Zebrafish are much faster developing than
medaka embryos. Nevertheless, when the number of somites is
taken as a reference, the timing of otic development follows an
opposite relationship. In medaka embryos, the otic placode
becomes morphologically visible at 3 somites and forms an otic
vesicle at 6 somites (Iwamatsu, 2004). In zebrafish, the otic
placode appears at 9 somites and vesicles at 18 somites (Haddon
and Lewis, 1996). Differences in timing of otic development are
also found if marker gene expression is compared. Although the
spatial distribution of these genes is largely conserved, the
temporal expression differs (Hochmann et al., 2007). Never-
theless, the high overall similarity of the expression patterns
suggests that these genes act in the same genetic pathways in
both species.
Fgf8, Foxi1 and Dlx3b are sufficient to induce ectopic ear
structures in medaka
Transplantation studies have shown that interactions
between a variety of tissues are involved in otic induction
(reviewed in Baker and Bronner-Fraser, 2001). In particular, the
hindbrain has been identified as a potent source of otic-inducing
factors. Gain-of-function and loss-of-function analysis in
several model organisms suggest that Fgf signalling is both
necessary and sufficient for this function (Léger and Brand,
2002; Lombardo et al., 1998; Lombardo and Slack, 1998;
Maroon et al., 2002; Phillips et al., 2001, 2004; Vendrell et al.,
2000). However, it was unclear which genes expressed in the
responding ectoderm can provide competence to form ectopic
otic vesicles. The candidate competence factors Foxi1 and
Dlx3b/4b start to be expressed in the ectoderm during
gastrulation. Together with Pax8 they become specifically
upregulated in presumptive otic tissue at the end of gastrulation.
In this work, we analysed Foxi1, Dlx3b and Pax8. We found
that Foxi1 and Dlx3b provide competence to produce ectopic
otic vesicles. In contrast, loss-of-function analyses have shown
that single competence factors are not absolutely required for
otic formation. For example, different Foxi1 mutations in
zebrafish result in the loss of Pax8 expression in the placode,
while the expression of Dlx3b/4b is reduced but not eliminated
416 N. Aghaallaei et al. / Developmental Biology 307 (2007) 408–420(Lee et al., 2003; Nissen et al., 2003; Solomon et al., 2003).
Similarly, combined knockdown of Dlx3b/4b in zebrafish leads
to a loss of Pax2 expression, although a few residual cells
express Pax8 (Liu et al., 2003; Solomon and Fritz, 2002). In
both cases, the otic placodes are significantly affected, but not
always absent, indicating that neither Foxi1 nor Dlx3b/4b is
essential for placode formation. Only a combined knockdown
of Foxi1 and Dlx3b/4b leads to complete loss of otic vesicles.
This might indicate overlapping functions of these competence
factors during the induction process (Solomon et al., 2004),
alternatively, redundant functions might be provided by
additional paralogous genes. We used a gain-of-function
approach and found both Foxi1 and Dlx3b sufficient for
induction of ectopic otic structures. Co-injection experiments
support the view that both preotic genes act in an additive
manner, whereas the presence of a cooperating inductive signal
from the hindbrain (Fgf8) is necessary to fully activate the
genetic pathway of ear formation.
Timing of otic competence in medaka
Before gene regulatory interactions during otic induction can
be studied, it is crucial to know the timing of this process. This
can be estimated experimentally by analysing the competence of
a tissue for ear formation (reviewed in Brown et al., 2003).
Misexpression of Foxi1 or Dlx3b directed by a constitutive
promoter activated at mid blastula stage failed to induce ectopic
otic vesicles (this work and Solomon et al., 2003), while we
observed the induction of ectopic otic vesicles using heat shock
activation during early to mid gastrulation. Later activation of
the promoter also gave negative results, thus narrowing down
the onset of otic induction in medaka between early and mid
gastrulation. The same time was also estimated for otic induction
in zebrafish (reviewed in Whitfield et al., 2002). Taken together,
our misexpression experiments in medaka suggest Dlx3b and
Foxi1 as ectodermal competence factors during early/mid
gastrulation. This early function has to be separated from a
later function of these genes as early patterning factors in
preplacodal tissue starting at the end of gastrulation.
Transplantation studies in amphibians, avians and fish
demonstrate that surface ectoderm is competent to form an
otic vesicle (reviewed in Baker and Bronner-Fraser, 2001). In
several species examined, progenitor hindbrain tissue grafted to
other regions of the body could induce ectopic otic vesicles
(Harrison, 1945; Waddington, 1937; Woo and Fraser, 1998).
This competency rapidly declines with age and ectoderm at
neither midbrain nor somitic levels of the embryos is competent
to contribute to the developing otic placode (Groves and
Bronner-Fraser, 2000). Our work supports these data because
misexpression of preotic genes (Foxi1 or Dlx3b) or inductive
signals (Fgf8) led to generation of ectopic otic vesicles only in
ectoderm neighbouring the hindbrain.
Regulatory interactions in preplacodal and placodal stages
The continuous expression of otic genes such as Dlx3b or
Pax8/2 suggests multiple functions during ear development.Whereas loss-of-function experiments give valuable informa-
tion on early functions, we were able to study late functions
using an inducible misexpression system. We selected three
critical stages for this gain-of-function analysis, the preplacodal,
otic placode and early otic vesicle stage and misexpressed the
candidate genes being active at the relevant stages. The results
are summarized in Fig. 8.
In zebrafish, an early Foxi1–Pax8 pathway was hypothe-
sized, modulated by Fgf8. Otic placode specification in this
species further depends on a second Dlx3b–Pax2 pathway
(Hans et al., 2004; Solomon et al., 2003). In agreement with
these data, Foxi1 also plays a central role during the preplacodal
stage in medaka. However Foxi1 is not only sufficient to
activate Pax8 at this stage, but also Dlx3b, which in zebrafish is
reported to represent an independent preplacodal pathway
(Solomon and Fritz, 2002). Contrary to the zebrafish, Fgf8 at
this stage can activate Foxi1, but not Pax8. In general our gain-
of-function analyses suggest multiple cross-regulatory interac-
tions between Foxi1, Dlx3b and Pax8 for the preplacodal stage
in medaka. However this network breaks down shortly
afterwards when the placode forms and the expression of the
central player Foxi1 is lost in otic tissue. Interestingly, at the
placode stage Pax8 expression can strongly be activated by
Fgf8. In zebrafish such a regulatory interaction is reported for
preplacodal stages (Phillips et al., 2001, 2004; Solomon et al.,
2004).
For the individual stages of ear development, the regulatory
interactions therefore seem to differ between zebrafish and
medaka. If, however, the overall pattern of the medaka
pathways is analysed, similarities of the genetic hierarchies in
both species become obvious. In agreement with the zebrafish
models we detected a Foxi1–Pax8 pathway (preplacodal stage
in medaka and zebrafish) affected by Fgf8 (placodal stage in
medaka, preplacodal stage in zebrafish) and a Dlx3b–Pax2
pathway, which is independent from Foxi1 (otic vesicle stage in
medaka, preplacodal stage in zebrafish). Interestingly if the
number of somites is taken as a reference instead of the
morphological landmarks of the otic tissue, then the timing of
the genetic interactions in the two species would fit together
much better. One possible interpretation of these differences
might therefore be that, in the faster developing zebrafish
embryos, the formation of placodes and otic vesicles lags
behind the underlying gene regulatory events, whereas the
slower developing medaka embryo executes these morpholo-
gical transformations immediately. However, additional work
will be needed to test this hypothesis.
Regulation of the Pax–Six–Eya–Dach network
The Pax–Six–Eya–Dach regulatory network is involved in
the formation of a number of organs. Interactions among these
genes have been demonstrated for vertebrate eye and somatic
muscle development, which are controlled by Pax6 and Pax3,
respectively (Heanue et al., 1999; reviewed in Kawakami et al.,
2000; Wawersik and Maas, 2000). The expression of Pax–Six–
Eya–Dach members during inner ear specification suggests that
similar interactions might be active during ear development
Fig. 8. Genetic interactions during otic placode specification and maintenance in medaka. A summary of the obtained results from data presented in Tables 1 and 2. The
panels indicate the three otic developmental stages that were examined (preplacodal, otic placode and otic vesicle stage). The upper part shows schematic
representations of the expression patterns of the analysed genes. The lower part shows the regulatory interactions suggested from the experiments. Abbreviations: D,
dorsal; mhb, midbrain–hindbrain boundary; r, rhombomere; V, ventral.
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regulatory factors acting upstream of this network.
Eya1 and Six1 are first expressed in the presumptive otic
ectoderm of medaka embryos at early neurulation and 2
somites, respectively. Then expression of both genes becomes
progressively up-regulated and restricted to otic tissue. We
analysed the effects of potential upstream regulators and found
Eya1 and Six1 unaffected by members of the Pax2/5/8 family,
which fits well to previous studies in Pax2 knockout mice
(Burton et al., 2004; Heanue et al., 2002; Zheng et al., 2003).
Conversely, Pax2 expression in mice does not depend on Eya1
and Six1 (Ozaki et al., 2004; Xu et al., 1999; Zheng et al.,
2003), indicating that Pax2/5/8 genes and Six/Eya genes are
regulated independently. Interestingly, a recent study in
zebrafish has shown that Six1 expression is dependent on
Pax2b but not Pax2a, whereas Pax2b is directly or indirectly
under the control of Six1 (Bricaud and Collazo, 2006). Based on
the observation that medaka has only one Pax2 gene
(Hochmann et al., 2007), these interactions between Six1 and
Pax2b seem to be specific to zebrafish. Dlx3b and Six1 show
an overlapping expression pattern in anterior parts of the early
embryo, with Dlx3b preceding the expression of Six1 in these
tissues. We found activation of Six1 by misexpression of Dlx3b,which was not restricted to otic tissue, suggesting that Dlx
genes in general act upstream of the PPR marker Six1. In
agreement with this, activation of the PPR marker Six4 was
previously observed in Dlx5 electroporated chick embryos
(McLarren et al., 2003). However, overexpression of Dlx5 in
Xenopus embryos resulted in repression of Six1 (Brugmann et
al., 2004). A possible explanation for these opposing results
might be the timing of ectopic expression, as the Xenopus
experiments have been performed by mRNA injections. The
critical influence of timing became obvious when we analysed
other target genes of Dlx3b (see below). Beside effects in
placodal tissue, we observed activation of Six1 by Dlx3b also in
otic vesicles, suggesting that Dlx genes are responsible for both
initiation and maintenance of Six1 during otic development.
The effects of Dlx3b on Eya1 strongly depended on the
stages examined. At the preplacodal and placodal stage Eya1
expression was upregulated, which again supports an early role
of Dlx genes in promoting the PPR character. However,
misexpression of Dlx3b in otic vesicles resulted in repression
of Eya1, which might be a specific feature of the differentiation
processes of otic vesicles. Dlx3 proteins have been shown to act
as transcriptional activators (reviewed in Beanan and Sargent,
2000). The repression of Eya1 could therefore be an indirect
418 N. Aghaallaei et al. / Developmental Biology 307 (2007) 408–420effect, although the time after heat shock was only 4 h.
Alternatively, interaction partners might convert Dlx3b into a
repressor, as has been shown for the Msx protein family
(Davidson, 1995; Zhang et al., 1997; Feledy et al., 1999). In
zebrafish, MsxB expression overlaps with Dlx3b/4b expression
in the otic vesicle (Ekker et al., 1997) and a balance of opposing
Dlx andMsx activities is important for normal otic development
(Phillips et al., 2006).
Our experiments fit well with previous data suggesting an
auto/cross-regulatory function for Pax8/2 genes in otic vesicles
(Hans et al., 2004; Pfeffer et al., 2002). Whereas activating
functions of the transcription factor mediate the autoregulation
(mimicked by PD–VP16), repressive functions are responsible
for the downregulation of Dach (mimicked by PD–EnRD).
Groucho corepressor proteins have been shown to convert Pax2
into a repressor (Eberhard et al., 2000) and in medaka two
members of the Groucho family (Tle2a and Tle2b) are
expressed in otic vesicles (Aghaallaei et al., 2005), where
they participate in the regulation of otic development (Bajoghli
et al., 2005).
Taken together we could not detect a prominent function of
Pax2 in regulating the Pax–Six–Eya–Dach network, like Pax6
genes have in Drosophila eye development. The role of
“network manager” could rather be fulfilled by Dlx3b, which
controls expression of Pax2, Six1, Eya1 and Dach in otic
vesicles.
Possible role of Dlx3b in DV patterning of the otic vesicle
Prior to the formation of the inner ear, formation of the
otic vesicle axes results in specific gene expression patterns.
The role of the hindbrain in axial specification of the inner
ear has been shown for chick and mouse (Bok et al., 2005;
Riccomagno et al., 2002). In chick, rotation of the
dorsoventral axis of the neural tube is sufficient to convert
dorsal otic tissue to ventral fates in which Gbx2 expression is
reduced and Otx2 expression is expanded (Bok et al., 2005).
In mouse, the combination of Wnt and sonic hedgehog (Shh)
signalling determines the DV axis of the inner ear
(Riccomagno et al., 2002, 2005). Wnt ligands (Wnt1 and
Wnt3a) from the dorsal hindbrain maintain Dlx5 expression
in the dorsal otic vesicle (Riccomagno et al., 2005), while
Shh signalling from the floor plate determines the ventral fate
and negatively influences the expression of Dlx5 (Ricco-
magno et al., 2002). Loss of Dlx5 function itself leads to the
absence of dorsal structures in mice (Depew et al., 1999).
However, it seems that an alternative pathway is used in fish
(reviewed in Riley and Phillips, 2003), since hedgehog
signalling determines anteroposterior patterning and not the
DV axis of otic vesicles in zebrafish (Hammond et al., 2003).
Our data suggest that Dlx3b influences the expression of the
early DV marker genes, Otx1 and Gbx2 in an opposite manner.
One possible explanation would be that Dlx3b positively affects
the transcription of Gbx2, which in turn prevents expression of
Otx1. Gain-of-function analyses indeed demonstrated antag-
onistic functions for Otx and Gbx proteins in the establishment
of midbrain–hindbrain boundary (Broccoli et al., 1999;Heimbucher et al., 2007; Millet et al., 1999). However, contrary
to the midbrain–hindbrain boundary, Gbx and Otx expression
domains do not abut each other in the otic vesicle (Figs. 5A, D;
Hidalgo-Sanchez et al., 1999; Lin et al., 2005). We therefore
favour direct effects of Dlx3b on the two transcription factors.
Overexpression of Dlx3b resulted in partially missing ventral
cristae structures and the expression of the ventrally located
Wnt4 expression domain was reduced. However, additional
experiments will be necessary to unravel the pathway leading to
dorsoventral patterning of the otic vesicle.
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